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Abstract 
Stepped channels and spillways are used since more than 3,000 years. Recently, new construction materials (e.g. RCC, 
gabions) have increased the interest for stepped chutes. The steps increase significantly the rate of energy dissipation 
taking place along the chute and reduce the size of the required downstream energy dissipation basin. Stepped cascades 
are used also for in-stream re-aeration and water regulations. Altogether they are an important tool used by Humans to 
benefit from, to regulate and sometimes to control Nature. 
The paper reviews the developments of hydraulic stepped structures in Australia. Firstly the historical stepped 
spillways are described. Then the writer presents the Queensland timber stepped weirs. Later current design trends are 
developed. 
 
1. INTRODUCTION 
Recent advances in technology have permitted the construction of large reservoirs and chutes, which provide water 
supply and assist in regulating flood waters. These progresses have necessitated the development of new design and 
construction techniques, particularly with the provision of adequate flood release facilities and safe energy dissipation. 
The latter may be achieved by the construction of steps on the chute (e.g. CHANSON 1995). 
The present paper reviews the operation of stepped channels in Australia, with an emphasis on the local expertise. The 
purpose of the paper is to provide a critical review of the Australian expertise, to discuss the local experience and to 
assist new designs. 
 
Stepped channel hydraulics 
Stepped channels may be characterised by two types of flow : nappe flow and skimming flow (Fig. 1) (e.g. 
RAJARATNAM 1990, CHANSON 1994). At low flow rates and for relatively large step height, the water flows as a 
succession of free-falling nappes (i.e. nappe flow). At larger flow rates, the flow skims over the step edges with 
formation of recirculating vortices between the main stream and the step corners. 
The transition between nappe and skimming flow is related to the flow rate, chute slope, and step geometry. The 
limiting condition for skimming flow is : 
 
dc
h   >  0.987  -  0.316 * 
h
l  Skimming flow  (1) 
where dc is the critical flow depth, h is the height and l is the step length. Equation (1) is limited to flat horizontal steps 
for h/l ranging from 0.2 to 1.4, it characterises the onset of skimming flow for uniform or quasi-uniform equilibrium 
flows (in rectangular channels) and its accuracy is within +/- 30%. For accelerating or decelerating flows (i.e. rapidly 
varied flows), a more complete analysis is required (CHANSON 1996). 
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Fig. 1 - Sketch of nappe and skimming flows 
 
 
 
 
2. NOTATION 
d flow depth (m) measured normal to invert or normal to pseudo-bottom (skimming flow) 
dc critical flow depth (m); 
f Darcy-Weisbach friction factor; 
g gravity acceleration (m/s2); 
Hdam dam height (m); 
h step height (m); 
l step length (m); 
Qdes design discharge (m3/s); 
Qw water discharge (m3/s); 
qdes design discharge per unit width (m2/s); 
qw water discharge per unit width (m2/s); 
y distance (m) normal to the bed; 
W channel width (m); 
θ channel slope. 
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Abbreviations 
NSW New South Wales; 
QLD Queensland, Australia; 
SA South Australia, Australia; 
VIC Victoria, Australia; 
WA Western Australia, Australia. 
 
3. HISTORICAL AUSTRALIAN STEPPED SPILLWAYS 
3.1 Presentation 
The earliest (large) stepped cascade, built in Australia, is the Eastern spillway of the Malmsbury dam (Fig. 2). The 
stepped cascade, completed in 18701, is still in use today despite several spillway refurbishments including a major 
modification of the Western spillway in 1989. The Malmsbury cascade was located near the downstream end of the 
chute to dissipate the energy of the flow. No additional dissipator was designed. SANKEY (1871) indicated that the 
spillway outflow was to give "the quiet discharge of the flood in the Coliban [river]" (p. 28). 
Another interesting site is the series of cascades built as part of the Yan Yean system2, to supply water to the city of 
Melbourne. Two aqueducts were equipped with cascades, drops and waterfalls (BINNIE 1915). 
Two major structures are the Gold Creek dam spillway (Fig. 3) and the Goulburn weir completed in 1890 and 1891 
respectively. The historical development of the first structure was discussed by CHANSON and WHITMORE (1996) 
while the second structure was illustrated in CHANSON (1995, p. 40). Both structures are still used today and they 
demonstrate the soundness of the stepped chute design. 
Other stepped cascades of interest include the Upper Coliban dam spillway (1903) (Fig. 4), the Warren dam spillway 
(1916), and the first Eildon weir3 (1927). 
 
3.2 Discussion 
Most large Australian stepped cascades were built in masonry. It is interesting, however, to note two unusual types of 
structures : i.e., composite constructions. The Malmsbury cascade was made with crib and masonry. The Gold Creek 
dam spillway was made in (non-reinforced) concrete, a world first (CHANSON and WHITMORE 1996). 
Timber crib weirs were also a more common design (see next paragraph). The technique is well suited to countries and 
regions where transportation is difficult and timber plentiful. In Russia, GORDIENKO (1944) reported a 12-m high 
rockfill dam with a timber crib overflow spillway, built around AD 1,700. In America and Australasia, numerous 
timber crib weirs were built by Northern European during the 17th, 18th and 19th centuries. 
                                                          
1There are suggestions that the stepped cascade was built after the failure of the original rock cascade and that the stepped chute was 
designed by Lieutenant-Colonel R.H. SANKEY (1829-1908), Royal Engineers based in India, during his visit of Australia in 1870. 
2The Yan Yean dam was the first Australian large dam, completed in 1857 to supply water to Melbourne. 
3also called Sugarloaf dam. 
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Fig. 2 - Malmsbury dam spillway (Courtesy of Mr R. SMYTH, 5 Dec. 1997) 
Eastern spillway : stilling basin in foreground, stepped cascade and upstream drop structure in background 
 
 
 
Fig. 3 - Gold Creek dam spillway in operation on 2 May 1996, after 200 mm of rainfall in 24 hours 
View from downstream 
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Fig. 4 - Upper Coliban dam spillway (Courtesy of Mr R. SMYTH, 5 Dec. 1997) 
View from the dam : spillway chute with 6.7-m high drop followed by 5 steps and final 2 step cascade 
 
 
 
4. DESIGN OF TIMBER CRIB WEIRS IN QUEENSLAND 
4.1 Presentation : Timber stepped weirs in Queensland 
Timber weirs were commonly built in Australia and New Zealand since the early European settlements. Interestingly, a 
series of timber crib weirs was built in Queensland throughout the 20th century up to the early 1960s (Table 1). 
The design of Queensland timber weirs was unusual because it was 'relatively' standardised (Table 2). Most weirs were 
timber crib structures held by timber piles with a downstream stepped face (Fig. 5 to 8). A clayfill embankment was 
placed upstream of the weir for water tightness. Recent weir refurbishments included the replacement of the clayfill by 
a vertical upstream concrete wall (e.g. Silverleaf, Fig. 7(C)). A scour outlet was usually installed next to a bank for easy 
access. A low-flow section was sometimes installed (e.g. Bonshaw timber weir, Fig. 5(B)). 
The most common design was the simple staircase shape (Type I) (Fig. 8). Usually the weir was lean and h/l < 0.4. The 
Type II was characterised by diagonal brass aligned in the flow direction and connecting the pileheads of different 
rows. The design was used mainly for steep weirs (e.g. Silverleaf (Fig. 7), Whetstone). The writer was told of overflow 
problems caused by the diagonal brassing, but the Silverleaf and Whetstone weirs have been used over 45 years 
without major problems. 
Altogether the timber stepped weirs have been a successful design. Several structures are still used after more than half-
century (e.g. Fig. 5 to 8). Some sustained successfully very large overflows (e.g. Cunningham weir in 1956 (4)) and 
surge waves (e.g. Silverleaf weir in 1995). The presence of the stepped geometry was adopted for stability and 
                                                          
4In January 1956, the weir was overtopped by up to 7 metres ! 
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simplicity of construction. Nevertheless the steps contributed to the dissipation of the flow energy and no stilling basin 
was required downstream of the weirs. At low flows, most of the energy was dissipated on the steps (Fig. 8). 
 
 
Table 1 - Examples of timber crib weirs built in Queensland, Australia 
 
Name Year Weir 
height
Weir 
length 
Step 
height
Nb of 
steps
Construction Remarks 
  Hdam L h    
  (m) (m) (m)    
(1) (2) (3) (4) (5) (6) (7) (8) 
Theodore weir 1925 5.8 (*) 65   Timber cribs held by 
timber piles. Diagonal 
brassing. 
On Dawson River. Intermediate 
raisings in 1929 and 1931.65-m long. 
Replaced by a concrete structure in 
1984. 
Sunnygirl weir 1930?    1 Timber log drop. On Macintyre Brook. 
Orange Creek 
weir 
1932 5.8 60.4   Timber cribs held by 
timber piles. 
On Dawson River. Still in use. 
Bingera weir 1933 1.8 195   Timber cribs held by 
timber piles. 
On Burnett River. Removed in 1960. 
Murgon weir 1935?    3 Timber cribs held by 
timber piles. 
On Barambah Creek. Still in use. 
Sandy Creek 1944 2.7 13.4   Timber cribs held by 
timber piles. 
On Sandy Creek. Replaced by a sheet-
pile cascade in 1978 or 1983. 
Moura weir 1946 5.9 (*) 165  3 Timber cribs held by 
timber piles. 
On Dawson River. Combined bridge 
and weir. Refurbished in 1985. Still in 
use. 
Emerald Creek 
weir 
1947 5.2 79.5  3 Timber cribs held by 
timber piles. 
On Emerald Creek. Disused since 1977 
(blown up or submerged). 
Hilliard Creek 
weir 
1948 3.4 66  2 Timber cribs held by 
timber piles. 
On Hilliard Creek. Repaired in 1963. 
Very poor condition because of lack of 
maintenance. 
Whetstone weir 1951 5 52.4 1.5 3 Timber cribs held by 
timber piles. Diagonal 
brassing. 
On Macintyre Brook. l = 1.9 m, h/l= 
0.8. Refurbished in 1990s. Still in use 
Mulgeldie weir 1952 3.1 40  2 Timber cribs held by 
timber piles. Diagonal 
brassing. 
On Three Moon Creek. Small 
structure. Still in use. 
Binda weir 1953 5.2 73.1  5 Timber cribs held by 
timber piles. Diagonal 
brassing. 
On Dawson River. Destroyed in 1986 
because unsafe. 
Bonshaw weir 1953 3.7 144.5 0.9 4 Timber cribs held by 
timber piles. 
On Dumaresq river. Design flow : 
1,560 m3/s. Failure in 1956. New 
sheet-pile weir built in 1958. 
Silverleaf weir 1953 5.1 87.8  4 Timber cribs held by 
timber piles. Diagonal 
brassing. 
On Barambah Creek. Refurbished in 
1995. Still in use. 
Cunningham 
weir 
1954 4 58.5 0.9 4 Timber cribs held by 
timber piles. 
On Dumaresq river. Design flow : 
1,560 m3/s, l = 2.4 m, h/l = 0.375. Still 
in use. 
Greenup weir 1958 5  1.3 4 Timber cribs held by 
timber piles. 
On Macintyre Brook. l = 2.74 m, h/l = 
0.47. Still in use. 
 
Note : (*) after refurbishment. 
-7- 
Fig. 5 - Bonshaw weir 
(A) First Bonshaw weir near completion (Courtesy of the Department of Natural Resources) 
 
 
(B) Small overflow on 19 April 1955 (Courtesy of the Department of Natural Resources) 
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Fig. 5 - Bonshaw weir 
(C) New weir, from the left bank : note the ruins of the first weir in the foreground, downstream of the sheet-pile 
cascade (Photograph taken in February 1998) 
 
 
 
Table 2 - Different types of timber weir construction design 
 
Type Design Applications 
(1) (2) (3) 
Type I Simple (lean) structure with a staircase shape 
(i.e. flat step). 
Timber crib filled by rocks and held by timber 
piles. 
Bonshaw, Cunningham, Emerald Creek, 
Goondiwindi, Greenup, Murgon 
Type II Steep structure with upper diagonal brassing 
Timber crib filled by rocks and held by timber 
piles. 
Binda, Mulgeldie, Silverleaf, Theodore 
(in the 1950s), Whetstone 
Others   
Timber log Timber logs held by timber piles. Sunnygirl 
 
 
4.2 Operation of timber crib weirs 
Timber crib dams are unexpansive structures, often favoured in developing countries (e.g. Africa, Asia). They are used 
also in developed countries with abundant timber resources and timber crib structures often regarded as 'environmental 
friendly' (Fig. 9). The life of a well-built timber weir can be estimated at 20 to 30 years. However timber dams reputed 
to be 80 to 100 year old are cited. The author inspected several Queensland timber crib weirs built between 1935 and 
1958: they are still in use today, and they were in good condition at the time of inspection (Fig. 6 and 7). One timber 
structure, the Kobila dam in Slovenia, operated for 352 years ! 
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The construction cost of a timber dam is lower than a concrete structure, but the maintenance charges are substantial, 
particularly at sites where large floods, ice and debris runs are frequent. Timber crib weirs are porous structures and 
leakage is frequent. It might become significant but the dam porosity can be used as a mean to regulate the downstream 
flow. It can be reduced by use of geotextiles. A serious construction consideration is the tightening of the foundation. 
In Queensland, three major failures were experienced and lessons may be learned. 
 
4.3 Failures 
The Binda weir was a timber crib piled weir on the Dawson river QLD, Australia. Built between March 1950 and May 
1953, the weir was 5.2-m high and 73.1-m long, and the overflow section had 5 steps. The weir was used for more than 
30 years until it was destroyed (blown up) in 1986 because it became unsafe. The destruction of the weir is a form of 
failure which was caused by the lack of maintenance of the structure. 
The (first) Bonshaw weir was completed in May 1953 (Fig. 5). Designed for irrigation water, the weir is located on the 
Dumaresq river which marks the boundary between the Queensland and New South Wales States. The 3.7-m high weir 
was a timber crib piled structure (144.5-m long), designed with 4 steps (h = 0.9 m). A major flood occurred in January 
and early February 1956. Intense rainfall was recorded in the catchment (e.g. 185 mm on 21 January and 225 mm on 22 
January 1956 at Columba) and the Dumaresq river was in flood for about 2 months. The maximum recorded stream 
heights were 11.13 m in January and 8.76 m in February at Cunningham located 60 km downstream. The nearby town 
of Texas was flooded and inhabitants could not cross the river for several weeks. 
The failure of the Bonshaw weir occurred during the 1956 flood. Both abutments failed. The left abutment was 
bypassed and it was heavily scoured. The right abutment and a section of the weir were washed away. The failure 
resulted from an average quality of construction and poor abutment foundations. In 1958, a new weir was built, at the 
same site, in steel sheet-piles and concrete (Fig. 5(C)). Interestingly the new weir is only 2.4-m high and it is shorter 
than the first weir. It is worth comparing the operation of the (first) Bonshaw weir with that of the Cunningham weir, a 
another timber crib piled weir located 60-km downstream, on the Dumaresq river also (Fig. 6). Completed in 1954, the 
Cunningham weir suffered only minor damage during the 1956 flood and it is still in good condition today. 
The Silverleaf weir is located 14-km North-West of Murgon QLD, Australia (Fig. 7). Built between 1951 and 1953 for 
stock water, the 5.1-m high weir was designed as a basic timber crib piled weir with concrete protection of the steps (4 
steps). The upstream wall was sealed with a clay embankment held by boulders set in mortar. The weir was refurbished 
in 1995 with installation of a new outlet, construction of an upstream vertical concrete wall to replace the clay fill and 
to heighten the weir crest by an additional concrete step, and construction of a counterweir downstream. 
During the refurbishment, an earthfill cofferdam was built 20-m upstream to de-water the weir. A major flood event 
took place during the repair works when the weir was dry and the clayfill was removed. The cofferdam was overtopped 
on 7 February 1995 evening and the resulting flood wave submerged the weir. Overtopping lasted for 24 hours, with 
seepage through the timber cribs for a further 12 hours before repairs could start. After the event, inspections showed 
that the weir sustained the surge wave without major damage. The overtopping was filmed and the document 
highlighted the good stability of the structure, the significant energy dissipation during large overflow, and seepage 
through the rockfill material during the receding flood surge. The Silverleaf weir refurbishment was completed as 
planned and the weir is in use since. Overall, the experience of the accident suggests that the timber weir design was 
sound and the structure is very stable despite its age. 
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Fig. 6 - Cunningham weir 
Timber crib piled structure on the Dumaresq river : Hdam = 4.0 m, 4 steps : h = 0.9 m, completion : 1954 
(A) Construction of the weir in September 1953, view from the left bank (Courtesy of QLD Department of Natural 
Resources) 
 
 
 
(B) View from the right bank during a low overflow (Photograph taken in February 1998) 
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Fig. 7 - Silverleaf weir 
(A) View from downstream during construction in April 1952 (Courtesy of QLD Department of Natural Resources) 
 
 
(B) View from downstream right bank during a low overflow, shortly after completion (Courtesy of Mr J. MITCHELL) 
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Fig. 7 - Silverleaf weir 
(C) view from rigth bank : the upstream concrete wall is clearly visible (Photograph taken in November 1997) 
 
 
 
Fig. 8 - Overflow above a timber stepped weir 
Emerald Creek weir in 1951 (Courtesy of QLD Department of Natural Resources) 
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Fig. 9 - Timber debris dams in Austria (Courtesy of Dr G. FIEBIGER, Austria) 
(A) During winter 
 
 
(B) Low overflow 
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5. CURRENT TRENDS IN AUSTRALIA 
5.1 Presentation 
Recently the development of new construction materials (e.g. roller compacted concrete RCC, reinforced gabions) has 
increased the interest in stepped spillways. Construction of stepped chutes is compatible with slipforming and RCC 
placing methods. Several RCC dams and weirs were built in Australia (Table 3). The most usual design is a straight 
gravity RCC structure with an overflow spillway and conventional concrete for the steps. Gabion stepped weirs are also 
commonly used for smaller structures. Altogether the steps increase significantly the rate of energy dissipation taking 
place along the chute, and reduce the size and the cost of the downstream stilling basin. 
In storm waterways, stepped structures are also common. The Robina storm waterway, Gold Coast (1996), includes one 
Reno mattress weir and four concrete-stepped (embankment) weirs. A related design is the stepped road gutter, 
commonly used for steep road abutment. In one case, a double stepped gutter was used (Centenary Freeway, Brisbane, 
Australia). 
In North-Eastern Australia, a number of stepped diversion weirs have been built (Fig. 10). These weirs are the 
successors of the timber crib weirs (see above). Most weirs comprise a downstream stepped face which is formed by 
rows of timber sheets (for the oldest weirs), steel-sheet piles or concrete hollow boxes (filled with rocks and earthfill) 
with concrete capping between the rows for more recent structures. The stepped profile contributes to the energy 
dissipation until the tailwater level rises and drowns out the weir. 
For large dams, unlined rock cascades may be used if the abutment geology is suitable : e.g., Bellfield, Dartmouth (Fig. 
11) (Table 3). 
 
5.2 Australian experience 
The Australian experience with stepped spillway is generally positive. Several ancient stepped chutes are still in used : 
e.g., Malmsbury (1870) (Fig. 3), Gold Creek (1890) (Fig. 4), Upper Coliban (1903) (Fig. 5). Modern RCC structures 
and smaller gabion chutes have also a solid record. The latter design requires however more care. Debris abrasion and 
impact may damage the wire mesh. 
The writer is aware of three negative experiences : a diversion weir in Queensland, Bucca and Dartmouth. 
In one case, the diversion weir was a 12-m high overflow structure. It was an earthfill/rockfill embankment with 
stepped overflow mad with sheet-piles and reinforced-concrete slabs (h ~ 2 m, l ~ 6 m). One step was designed as a 
roadway for local farmers, and it was used regularly during the dry periods. The original design included flat horizontal 
steps and the geometry was tested in laboratory. Prior to construction, it was decided to add pile caps, acting as a small 
pool wall. At the first overflow, the concrete slab of the second step failed and the weir was partially washed away. 
It is believed that the presence of the protuberance caused by the pile caps at the step edges perturbed considerably the 
flow characteristics. They modified substantially the flow pattern at the edge of the steps, the free-falling nappe 
trajectory and impact flow conditions. CHANSON (1995, pp. 154-155) stressed out that "the presence of a pool height 
at the step edge modifies the nappe contraction, the lower nappe free-surface and the free-fall trajectory". The failure of 
the diversion weir demonstrates that the introduction of pool height (i.e. pile caps) was a major hydraulic decision with 
disastrous consequences. Pooled-step channels cannot be designed with guidelines developed for flat-step chutes. 
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Completed in 1987, the Bucca weir is a 12-m high RCC weir equipped with an overflow stepped spillway (h = 0.6 m, 
h/l = 2) (Fig. 6). The maximum design discharge is 7,250 m3/s. The crest design is an inclined-upward broad-crest 
followed by a 1.6-m drop and seventeen 0.6-m high steps (CHANSON 1995, p. 7 & pp. 166-169). 
Shortly after completion, loud noises were noted during low overflows. At the end of the crest, the water was deflected 
away from the stepped chute and the nappe (at the first step) was not ventilated. As a result, nappe instabilities 
developed and they generated low-frequency vibrations to the structure and loud noise that were not acceptable to 
nearby residents. The problem was remedied by the installation of splitters to ventilate the nappe at low-flows. The 
splitter devices are tiltable and drop at medium to large overflows. 
 
 
Table 3 - Recent examples of Australian stepped cascades and chutes 
 
Name Slope Dam 
height 
Max. 
disch. 
Step 
height
Nb of 
steps 
Type of steps Remarks 
 α Hdam qw  h    
 (deg.) (m) (m2/s) (m)    
(1) (3) (4) (5) (6) (7) (8) (9) 
Bellfield dam, VIC, 
1966 
 54.9 20.9 12.2 3 Unlined rock cascade. 
Flat steps. 
Earth-cored rockfill-flanked dam. 
W = 23 m. 
Dartmouth dam, VIC, 
1977 
 180 Qw = 
2755 
m3/s 
15 10 Unlined rick cascade in 
granite. Flat steps. 
Earth and rockfill dam. Channel 
width varies from 91.4 m at crest up 
to 350 m. 
Val Bird weir, QLD, 
1983 
 4.0 12.4 1.6 to 2 3 Steps inclined 
downwards : d = 0.95 
deg.. 1 flat step and 2 
pooled steps (dp = 0.15 
m). 
Irrigation and diversion weir. Steps 
made of sheet-piles connected by 
concrete slabs. 
Joe Sippel weir, 
Murgon QLD, 1984 
 6.5   3 Pooled steps. Irrigation and diversion weir. 
Rockfill structure with concrete slabs 
steps. 
Maranoa river weir, 
QLD, 1984 
14.5 4.7 ~ 16 1.5 4 Horizontal steps with 
nib wall dissipators. 
Irrigation and diversion weir. 
Interlinked concrete boxes filled with 
rockfill covered by concrete slabs. 
W = 90 m. 
Bucca weir, Bundaberg 
QLD, 1987 
63.4 11.8 55.4 1.6 1 Flat crest (4.5-m long) 
and first step. 
RCC structure. Overflow diversion 
dam (W = 130.8 m). 
    0.6 17 Inclined upwards steps : 
δ = +2.9º. 
 
New Victoria dam, 
Perth WA, 1991 
72 & 
51.3 
52 5.4 0.6 85 Horizontal steps. Overflow RCC dam. 
W = 130 m. 
Jordan II weir, Gatton 
QLD, 1992 
17.7 5.3  1.4 3 Flat steps. Overflow reinforced earth 
embankment. 
Loyalty Road dam, 
Sydney NSW, 1996 
51.3 30 1040 
m3/s 
 19 Ogee crest followed by 
horizontal steps. 
Flood retention RCC dam. W = 30 
m. 3m×2.5m culvert. 
Cadiangullong dam, 
NSW, 1997 
53.1 44 4.47 
(3750 
m3/s) 
0.6  Flat steps. Inclined 
upwards : δ = +1.9º. 
Tailing RCC dam. W = 150 m. 
 
Ref. : CHANSON (1995), Present study. 
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Fig. 10 - Stepped diversion weir : Joe Sippel weir (Murgon QLD, 1984) on 7 November 1997 
Rockfill embankment with concrete slab steps, H = 6.5 m, pooled step design 
 
 
 
Completed in 1977, the Dartmouth dam (Fig. 7) is a 180-m high earth and rockfill structure. The spillway is located on 
the left bank. It consists of an approach channel, a concrete-lined crest and chute (W = 91.4 m) followed by a 10-step 
unlined rock cascade (W = 300 to 350 m). The rock is granitic gneiss and the step excavation was used for the dam 
rockfill. The steps are 15-m high. The design discharge capacity is 2,755 m3/s. During the 1996 flood (Qw ~ 225 
m3/s), the unlined rock spillway was partially damaged. Although the discharge was much lower than the design flow 
rate, significant erosion was observed at several steps. Scour was caused by flow concentration on the right side of the 
cascade (Fig. 7(A)). 
Repairs were undertaken in 1996 and 1997 that included the provision of shotcrete protection and construction of 
anchored concrete retaining walls in the three upstream steps. Walls were built to prevent concentration of low flows in 
some areas. It is worth comparing the Dartmouth dam spillway characteristics with those of other unlined rock cascades 
(Table 4). Overall the maximum discharge capacity is much lower than at La Grande 2 cascade, but the step height is 
one of the largest, leading to nappe impact velocities in excess of 17 m/s ! With such large impact velocities, deep pools 
of water are required to cushion the jet impact pressures on the rock. 
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Fig. 11 - Dartmouth dam spillway on  7 October 1996 (Qw ~ 194 m3/s) (Courtesy of Mr JEFFERY, Goulburn-Murray 
Water) 
(A) Spillway view from downstream : note the flow concentration in the middle of the photograph and the absence of 
flow on the right edge of the photograph 
 
 
 
(B) Details of the cascading flow from the left bank, showing the concrete-lined chute and the first steps 
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Table 4 - Comparative characteristics of unlined rock stepped cascades 
 
Name Year Qdes W h Comments 
  m3/s m m  
(1) (2) (3) (4) (5) (6) 
Ternay, France 1868 -- -- 0.3 to 0.8 Still in use. Dam height : 41 m. 
La Tâche, France 1891 -- 2.2 2.4 to 5.4 Still in use. Dam height : 51 m. 
Junction Reefs, NSW 1897 37.9 20 2 to 4 Still in use. Dam height : 19 m. Reservoir 
fully-silted. 
Bellfield, VIC 1966 20.9 23 12.2 Dam height : 55 m. 
Dartmouth, VIC 1977 2755 300 to 350 15 Dam height : 180 m. 
La Grande 2, Canada 1982 16140 122 9.1 to 17.8 Dam height : 134 m. 
 
Note : (--) data not available. 
 
 
6. DISCUSSION 
6.1 Safety record 
For the past two hundred years, more than 14 accidents or failures occurred at hydraulic structures (e.g. dams, weirs) 
equipped with stepped channels (e.g. CHANSON 1995, pp. 187-204, CHANSON 1997-1998). Hopefully no loss of 
life has resulted from the selection of a stepped geometry of a spillway. Experience has shown that some failures were 
observed during low spills : e.g., the Arizona canal dam (1905), Minneapolis Mill dam (1899), New Croton dam (1955) 
(CHANSON 1995, pp. 187-191). In each case, it is appropriate to wonder how dramatic a failure at maximum design 
discharge would have been. GOUBET (1992) addressed also the question of the construction quality. Cracks were 
observed under two stepped spillways (New Croton dam, St Francis dam). How would these structures have behaved at 
design flow rate ? 
Further two failures (Arizona canal and New Croton dams) were caused by hydrodynamic instabilities associated with 
a nappe-skimming flow transition situation. 
 
 
6.2 Attitude problem (Human nature ?) 
The author wishes to address another issue associated with the safe design of stepped spillways : the IGNORANCE of 
past experience and local expertise. Many practising engineers tend to forget too easily past experiences (our 
engineering history and heritage). Some interesting designs and developments are so often overlooked, and research 
experience is often ignored. This situation is true everywhere the world, and indeed in Australia ! Several examples 
illustrate the subject. 
In USA, some studies (e.g. SORENSEN 1985) suggested that the design of stepped spillways was a new technique 
developed in the 1980s with the introduction of new construction materials (e.g. RCC). But there are numerous 
examples of stepped spillways built in North America during the 19th and early 20th centuries (see CHANSON 1995, 
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pp. 23-43). For example, the Ascutney Mill dam5 (1834-35) still in use today, Bridgeport dam (1886), Titicus dam 
(1895), New Croton dam6 (1906), Croton Falls dam (1911). 
Another example is the spillway of the Upper Stillwater dam, a RCC dam completed in 1987 in USA (fig. 8). The 
preliminary spillway design included a 4.57-m wide crest followed by a straight 59 degree chute. The final design is a 
9.14-m wide crest followed by a 72-degree chute and then a 59 degrees chute : 
"The top width was ten increase to 30 feet to facilitate construction and the slope of the upper portion of the 
downstream face was increase to 0.32:1 so that it intersected the 0.60:1 slope at elevation 8100.0" (HOUSTON 1987) 
The break in the downstream chute slope was made to widen the crest, allowing truck access : it had no hydrodynamic 
or structural validity. In fact the final design has increased the risks of jet deflection during overflows at the transition 
between the crest and the chute. Nevertheless the final design was copied by other engineers : e.g., the New Victoria 
dam, WA completed in 1991 (Table 3). 
Errors were made twice during recent calculations for the Gold Creek dam spillway. A consultant calculated incorrectly 
a maximum discharge capacity of the 1975 spillway as about 400 m3/s. But a recent investigation showed that 
overtopping and associated embankment erosion would occur with spills exceeding 280 m3/s (CHANSON and 
WHITMORE 1996). In 1998, the Gold Creek dam was refurbished , by raising the dam crest to 100.15 m R.L. (i.e. 1-m 
heightening), reinforcing the embankment downstream toe and lowering the spillway crest down to 95.75 m R.L. (i.e. 
0.5-m lowering). The spillway crest was modified to pass the PMF flow of 730 m3/s. However the chute sidewalls 
were untouched, and sidewall overtopping and associated risk of scour would still occur with spills exceeding 280 m3/s 
! 
No accident has resulted from these mistakes. Nevertheless severe accidents were experienced in the past with stepped 
spillway structures. 
On a more positive side, postgraduate courses and continuing education in the hydraulics of stepped cascades are now 
available. Three courses were offered in 1992, 1994 and 1997 at the University of Queensland, and a series of lectures 
was given at Nihon University (Japan) in 1998. These form the basis of a transfer of knowledge from researchers to 
practising engineers. 
 
7. SUMMARY 
Stepped channel flow may be divided into nappe flows at low flow rates and skimming flows at larger discharges. The 
basic flow properties of each flow type are reviewed. It is stressed that these developments are valid only  for stepped 
channels with flat horizontal steps in absence of lateral inflow, for prismatic channels of rectangular cross-section (both 
stepped chute and stilling basin channel) and for ventilated cavities (nappe flow). Flow conditions near the transition 
between nappe and skimming flow must be avoided. Such a flow is unstable and could lead to failures. 
Stepped spillway have been used for 150 years in Australia. The experience has been successful, with several structures 
in used for more than a century. Some accidents and failures were recorded. Engineers, spillway designers and dam 
                                                          
5recognised as a National Civil Engineering Landmark in 1970 by the American Society of Civil Engineers. 
6The stepped cascade of the New Croton dam appeared in the movie "Daylight" (1996), starring Sylvester Stallone. Low overflow is 
visible at the beginning of the movie, when a convoy of three trucks crosses the bridge over the cascade, connecting the masonry 
dam wall to the right bank. The pictures last for about 45 seconds. 
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operators must learn from past and present experience, in particular for the refurbishment of existing structures. Past 
experience suggests that the design of safe stepped spillways requires excellent quality of construction. Further 
adequate maintenance is essential, especially with timber structures. At last designers must remember that the selection 
of the maximum design capacity of a stepped chute is critical. 
Currently there is a lack of information on the hydraulics of stepped spillway for non-rectangular channels, for 
gradually-varied flows and for some nappe flow conditions. Further research is essential, including physical modelling. 
During the early 1990s, substantial joint efforts between industry and university were conducted in USA and France 
(e.g. USBR and BaCaRa programs). But none has been initiated since. The writer hopes that the situation will improve 
in the 21th century. 
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